Advanced glycation end products (AGEs) have been identified as relevant mediators of late diabetic complications such as atherosclerotic disease. The endothelial migration of monocytes is one of the first steps in atherogenesis and monocyte-endothelial interaction itself is linked to the expression of adhesion molecules like vascular cell adhesion molecule-1 (VCAM-1). Recently, stimulation of VCAM-1 by AGEs has been demonstrated. Since endothelial stimulation by AGEs is followed by generation of oxygen free radicals with subsequent activation of nuclear transcription factor κB, we investigated the influence of α-lipoic acid on the expression of VCAM-1 and monocyte adherence to endothelial cells in vitro by means of cell-associated chemiluminescence assays and quantitative reverse transcriptase polymerase chain reaction using a constructed recombinant RNA standard. We found that α-lipoic acid was able to decrease the number of VCAM-1 transcripts from 41.0p11.2 to 9.5p4.7 RNA copies per cell in AGEstimulated cell cultures. Furthermore, expression of VCAM-1 was suppressed in a time-and dose-dependent manner by α-lipoic acid as shown by chemiluminescence endothelial cell assay. Pretreatment of endothelial cells with 0.5 mM or 5 mM α-lipoic acid reduced AGE-induced endothelial binding of monocytes from 22.5p2.9 % to 18.3p1.9 % and 13.8p1.8 % respectively. Thus, we suggest that extracellularly administered α-lipoic acid reduces AGE-albumin-induced endothelial expression of VCAM-1 and monocyte binding to endothelium in vitro. These in vitro results may contribute to the understanding of a potential antioxidative treatment of atherosclerosis.
INTRODUCTION
Advanced glycation end products (AGEs) are believed to play an important role in micro-and macrovascular studies have demonstrated that elevated levels of AGEs are found in the serum of patients with diabetes [3] , and in patients with renal failure or receiving haemodialysis treatment [4, 5] . The cellular effect of AGEs is mediated by specific receptors, and one of these, the receptor for AGE (RAGE), has been identified on endothelial cells, monocytes\macrophages, mesangial cells, neurons and smooth muscle cells [6] [7] [8] [9] [10] [11] . Binding of AGEs to this receptor induces the generation of oxygen free radicals [12, 13] which activate nuclear transcription factor κB (NF-κB). Activated NF-κB induces regulation of many genes after its translocation to the nucleus. For example, expression of vascular cell adhesion molecule-1 (VCAM-1) is regulated by NF-κB and therefore, intracellular oxidative stress induced by AGEs seems to be very important for the understanding of the pathogenesis of vascular disease in diabetes mellitus [6, 13] .
There are a lot of important intracellular antioxidant defence mechanisms like the glutathione redox system, the vitamin C\vitamin E cycle and the α-lipoic acid\ dihydrolipoic acid redox pair. Impairment of these defence mechanisms in diabetes mellitus has been described by several authors [14, 15] . Furthermore, the ability of α-lipoic acid, a cofactor in the α-ketoglutarate dehydrogenase complex, to reduce lipid peroxidation, to quench radicals, to regenerate vitamins C and E (in its reduced form, dihydrolipoic acid), to increase intracellular levels of glutathione and to prevent glycation of serum albumin has been well documented [16] [17] [18] [19] [20] [21] [22] .
The aim of this study was to characterize the influence of antioxidative treatment with α-lipoic acid on the AGE-mediated expression of VCAM-1 in cultured endothelial cells and, as the functional task of the study, on the endothelial adhesion of human monocytes in vitro after stimulation with AGEs.
MATERIAL AND METHODS

Endothelial cell culture
Human umbilical vein endothelial cells (HUVECs) were isolated according to the method of Jaffe! and co-workers [23] by perfusion of the human umbilical veins with 0.1 % collagenase for 20 min. The harvested cells were washed with medium 199 and plated into 25-ml flasks coated with gelatin. Cells were cultured in medium 199 containing 20 % (v\v) fetal calf serum (Greiner, Frickenhausen, Germany), 5 mg\ml endothelial growth supplement (Sigma Aldrich, Deisenhofen, Germany), 100 units\ml penicillin and 100 µg\ml streptomycin (Life Technologies, Eggenstein, Germany). Purity of endothelial cells was checked by indirect immunofluorescence microscopy using a monoclonal antibody (mAb) against von Willebrand factor. Only early passages were used for subsequent studies.
Preparation of AGE-BSA
The method of preparation of AGE-BSA has been published many times (see [6, 13] ). Briefly, BSA (Sigma Aldrich) was incubated in PBS with 0.5 M glucose at 37 mC for 6 weeks with 2 µg\ml PMSF, 2.5 mM EDTA and antibiotics as described above. The sample was dialysed against PBS and AGE-BSA was identified by fluorescence spectrometry. The identity of AGE-BSA has been checked by spectrofluorometry. The presence of endotoxin was excluded by a Limulus polyphemus assay (Sigma Aldrich). In addition, experiments were performed with commercial glycated albumin (Sigma Aldrich) in equal concentrations. There were no significant differences between commercial and newly synthesized glycated albumin concerning the expression of endothelial adhesion molecules. The experiments reported below were performed with the synthesized glycated albumin.
Chemiluminescence endothelial cell assay
The second passages of HUVECs were cultured in microtitre plates coated with gelatin. After the different treatment procedures, cells were fixed with methanol\ ethanol (2 : 1, v\v) for 20 min. Incubation with VCAM-1 mAbs (mouse anti-human, Immunotech, Hamburg, Germany) for 2 h at a concentration of 400 ng\ml and washing steps with PBS were performed. After a second incubation with a chemiluminescent-labelled secondary antibody (flashlight-GxMIgG ; Biotrend, Ko$ ln, Germany) at a concentration of 25 ng\ml, the photonic emission (relative light units) was measured in a luminometer (EG & Bertold, Bad Wildbad, Germany) and analysed after subtraction of the photonic emission of non-specific binding.
Adhesion assays
Blood was drawn from 10 healthy donors and anticoagulated with 5000 i.u. of heparin. First, each blood sample was diluted with an equal volume of PBS. Mononuclear cells were obtained by density gradient centrifugation using Ficoll (Pharmacia). The interface was collected and washed twice with Dulbecco's modified Eagle's medium (DMEM). These cells were then incubated (in DMEM containing 20 % fetal calf serum) with magnetizable polystyrene beads (20i10' beads\ml for 30 min ; Dynal, Hamburg, Germany) coated with a primary mAb specific for the CD14 membrane antigen. The cell suspension was placed in a magnetic separator rack (Dynal) and washed twice in DMEM\20 % fetal calf serum. Cell number was calibrated using a PC-based cell counter system (Casy 1, Scha$ rfe Systems, Freiburg, Germany). The purity of monocytes achieved by this method was 98 % as documented by microscopical counting after Giemsa staining. The second passages of HUVECs were grown to confluence in microtitre plates coated with gelatin.
After co-incubation with the monocytes (100 000 per cm#, 45 min), cells were fixed with methanol\ethanol (2 : 1) for 20 min and blocked with 1 % blocking reagent (Boehringer Mannheim, Germany) for 30 min. Incubation with mAbs (mouse anti-human) against panleucocyte membrane antigen CD45 (Immunotech) for 2 h at a concentration of 400 ng\ml and washing steps with PBS were performed. After a second incubation with a chemiluminescent-labelled secondary antibody (flashlight-GxMIgG ; Biotrend) at a concentration of 25 ng\ml, the photonic emission (relative light units) was measured in a luminometer (EG & Bertold, Bad Wildbad, Germany). Percentage of bound monocytes was analysed according to the photonic emission of a standard curve of chemiluminescent-labelled monocytes. Scanning electron microscopy was performed according to standard procedures.
Quantitative reverse transcriptasepolymerase chain reaction (RT-PCR)
Endothelial cells were harvested by digestion with 0.05 % trypsin-EDTA and the cell number was determined in a cell counter (Casy 1, Scha$ rfe Systems). RNA was isolated using silica-gel-based membranes (Qiagen, Santa Clarita, CA, U.S.A.) and its concentration was measured photometrically (Pharmacia Biotech, Freiburg, Germany).
The internal standard was constructed by synthesizing (Pharmacia, Freiburg, Germany) two oligonucleotides (' triple primers ') of approximately 60 bases containing sequences for the T7 promoter, the target gene (VCAM-1), the spacer gene (glutathione transferase-GSTM4 gene) and a poly(dT) tail. The recombinant RNA forward primer contained the T7 promoter sequence, the VCAM-1 forward primer and the GSTM-4 forward primer (5h-TAATACGACTCACTATAGGCGGGGAGCTAC-AGCCTCTTTTAATGCCTTGAAGGCCAGGA-3h). The reverse primer included the poly(dT) tail instead of the T7 promoter (5h-TTTTTTTTTTTTTTTCTGTGT-CTCCTGTCTCCGCTGGAAGTGAAGAGGCCC-AATA-3h). Polymerase chain reaction (PCR) was performed in a final volume of 50 µl : 40 cycles, 5 µl of 10iPCR buffer, 0.2 mM of each deoxyribonucleoside triphosphate, 20 pmol of each recombinant RNA forward and reverse primer, 2.5 mmol of MgCl # , 2 units of Taq DNA polymerase (all by Boehringer Mannheim) and 1 µg of endothelial cDNA obtained by reverse transcription of isolated endothelial RNA (First Strand cDNA Synthesis Kit, Boehringer Mannheim). The PCR product was re-amplified under the same conditions. The pooled PCR products were purified (gel purification kit, Qiagen, Santa Clarita, CA, U.S.A.) and transcribed into RNA by T7 polymerase (Boehringer Mannheim) in a final volume of 30 µl : 0.2 pmol of PCR product, 3 µl of 10iT7 polymerase buffer, 0.5 mM of each NTP, 1 unit\µl RNase inhibitor and 1 unit\µl T7 polymerase.
The recombinant RNA produced was treated with DNase to remove the DNA template and purified as described above. The following competitive reverse transcription was carried out with five reactions for each sample, containing an aliquot of the prepared RNA sample and a dilution series of the recombinant RNA internal standard. Then, 5 µl of each transcription product was used in a PCR in a final volume of 50 µl: 35 cycles, 5 µl of 10iPCR buffer, 0.2 mM of each deoxyribonucleoside triphosphate, 20 pmol of each VCAM-1 forward (5h-CGGGGAGCTACAGCCTCTTT-3h) and reverse primer (5h-CTGTGTCTCCTGTCTCCGCT3h), 1.25 mmol of MgCl # and 2.5 units of Taq DNA polymerase.
After agarose gel (1.5 % plus ethidium bromide) electrophoresis, quantification by PC-based densitometry was performed. The calculated amount of specific mRNA was related to the cell number in order to determine the number of RNA copies per cell.
Scanning electron microscopy
Fixation, dehydration, critical-point drying, and sputtering (polaron equipment) of the electron microscopy samples were performed according to standard methods with subsequent analysis by a stereoscan MK 250 (Cambridge) electron microscope.
Statistical analysis
Values are expressed as meanspS.D. The statistical significance was assessed by non-parametric analysis (Mann-Whitney U-test).
RESULTS
Since AGEs have been reported to induce oxygen free radicals after binding to their receptor [12, 13] , we investigated whether α-lipoic acid was able to influence the NF-κB-related expression of VCAM-1 on human endothelial cells after stimulation with AGE-BSA. HUVECs were pretreated with α-lipoic acid in various concentrations (0.05-10 mM) and with different preincubation periods (0-24 h). Endothelial expression of VCAM-1 antigen was assessed by a chemiluminescence assay [photonic emission of bound mAbs was measured over a period of 5 s and defined as relative light units (RLU)]. Untreated HUVECs revealed 66.7p14.5 RLU (Figure 1 ) whereas the photonic emission of AGE-BSA-stimulated cells (1 µM ; 5 h) was raised to 1014.0p179.0 RLU (P 0.0001). Pretreatment of HUVECs with 10 mM α-lipoic acid suppressed VCAM-1 expression to baseline levels independent of the duration of antioxidative treatment. A preincubation period of 24 h was required to suppress VCAM-1 in endothelial cells if α-lipoic acid was used at a concen- tration of 5 mM (66.4p23.0 RLU ; P 0.0001). Nevertheless, even if 5 mM α-lipoic acid was administered simultaneously with AGE-BSA, the VCAM-1 signal decreased to 233.1p27.8 RLU (P 0.0001). The simultaneous treatment of HUVECs with 0.5 mM α-lipoic did not decrease the expression of VCAM-1 antigen significantly (912.5p106.9 RLU), but longer preincubation periods were able to definitely attenuate the VCAM-1 response of HUVECs to AGE-BSA. The lowest concentration of α-lipoic acid (0.05 mM) used in this study failed to affect VCAM-1 antigen presentation. It should be emphasized that the influence of α-lipoic acid on VCAM-1 increased constantly in a time-dependent manner over 24 h without revealing a maximum value.
Quantitative RT-PCR analysis using an internal recombinant RNA standard was performed in order to quantify the single cell-associated number of VCAM-1 1 transcription was increased to 41.0p11.2 copies\cell after stimulation with AGE-BSA for 45 min. According to the results of the chemiluminescence assays of VCAM-1 antigen, the amount of detectable VCAM-1 transcripts was reduced after pretreatment of HUVECs with 0.5 mM α-lipoic acid for 6 h (9.5p4.7 ; P 0.0001).
It was a special interest of this study to characterize the functional impact of antioxidative down-regulation of VCAM-1 on monocyte adhesion to endothelium in vitro. Human monocytes were purified using mAbs against the CD14 membrane antigen and co-incubated with confluent endothelial monolayers (Figures 3 and 4) . Chemiluminescence analysis revealed that monocyte binding to AGE-BSA-stimulated HUVECs increased to 22.5p2.9 % versus 11.2p1.4 % in controls ( Figure 5 ). In order to examine the influence of antioxidative treatment on the adhesion of monocytes, HUVECs were incubated with 0.5 mM or 5 mM α-lipoic acid 6 h before stimulation with AGE-BSA. The percentage of bound monocytes decreased to 18.3p1.9 % (P l 0.01) and 13.8p1.8 % (P 0.0001) respectively.
DISCUSSION
Atherosclerotic diseases like coronary heart disease are the major cause of morbidity and mortality in diabetes mellitus [24, 25] . Atherosclerosis itself is characterized by focal thickening of the intima of arteries and it is well known that more than 50 % of the cells in the lipid core of atherosclerotic plaques are derived from monocytes [26] . Furthermore, the migration of monocytes in the arterial wall is an early step in the pathogenesis of atherosclerosis [27] . This recruitment of monocytes is related to the expression of leucocyte-specific integrins and endothelial adhesion molecules like E-selectin, intercellular adhesion molecule-1 (ICAM-1) or VCAM-1 [28] [29] [30] [31] . Although there is widespread agreement that development of atherosclerosis is accelerated in both Type 1 and Type 2 diabetes mellitus, the mechanisms leading to increased monocyte binding to endothelium in diabetes are only partially known. A number of potential mechanisms have been described that may explain the increase in monocyte accumulation in diabetic vessels. For example, increased levels of diacylglycerol due to enhanced glycolysis in hyperglycaemia activate protein kinase C which influences vascular functions and haemodynamic changes in diabetes [32, 33] . Furthermore, glycosylation of low-density lipoproteins has been shown to result in increased oxidation, and oxidized lowdensity lipoprotein stimulates endothelial cells to bind monocytes [34] . In recent years, many groups have focused on the influence of AGEs and oxidative stress on the development of diabetic macrovascular disease [2, [35] [36] [37] [38] [39] . AGEs result from non-enzymic glycation of proteins or lipids, initially forming reversible early glycation products (Schiff bases and Amadori products). These early glycation products can undergo further complex molecular rearrangements and become irreversible AGEs [2] . AGEs are found in the plasma and accumulate in the extracellular matrix of the vessel wall in diabetes [2, 3] . The early discovery of a macrophage receptor system for the internalization and degradation of AGEs began the speculation about receptor-mediated interactions [40] . Receptors for AGEs (RAGEs) have been characterized on several cell types and it is known that their binding to RAGE induces oxidative stress with subsequent radical-dependent activation of NF-κB [13] . Activated NF-κB is translocated to the nucleus and initiates changes in vascular homoeostasis and endothelial dysfunction due to its ability to promote synthesis of defence and signalling proteins [41] . Although this study has only been performed with AGE-BSA, convincing data have been published which demonstrate that other free-radical generator systems can also stimulate the expression of VCAM-1 [42, 43] . Under physiological conditions, free radicals are rapidly eliminated by antioxidative defence mechanisms, e.g. the glutathione redox system, the vitamin C\vitamin E cycle and the α-lipoic acid\dihydrolipoic acid redox pair [14, 15] . In this context, studies demonstrating the impairment of antioxidative systems [37, 38] in diabetes mellitus are of considerable interest.
Since AGEs have been shown to induce NF-κB activation and expression of VCAM-1 [6] , the potential influence of α-lipoic acid on transcription and expression of VCAM-1 has been investigated in this study using HUVECs. Even if HUVECs never undergo atherosclerotic processes they are a common source of research on atherosclerosis because of their comparable behaviour concerning the expression of adhesion molecules. We were able to demonstrate a time-and dose-dependent effect of α-lipoic acid on the expression of VCAM-1 antigen in cultured endothelial cells by means of a cellassociated chemiluminescence assay. The highest concentration of α-lipoic acid (10 mM) suppressed VCAM-1 presentation even when administered simultaneously with AGE-BSA. Furthermore, the results of the experiments performed with 5 mM and 0.5 mM α-lipoic acid revealed that the increase of the suppression of VCAM-1 response to AGE-BSA continued over time and was not saturable. This does not correlate with the findings of Bierhaus et al. [13] who demonstrated that the suppressing effect of α-lipoic acid on NF-κB activation was reduced after a preincubation period of 8 h. They discussed the loss of α-lipoic acid inhibitory capacity on the basis of metabolic degradation. However, Bierhaus et al. were working with bovine aortic endothelial cells whereas we performed our studies with human umbilical vein endothelial cells. Thus, the experimental setting is not comparable. It is noteworthy that Bierhaus et al. were able to show that α-lipoic acid inhibits translocation of NF-κB after its inhibitory protein IκB has been phosphorylated. They speculate that α-lipoic acid exerts its inhibitory effect a step behind phosphorylation, e.g. by acting on the phosphorylated NF-κB\IκB complex or the proposed IκB-protease [13] .
We constructed a recombinant internal RNA standard according to the method described by vanden Heuvel et al. [44] in order to measure the expression of VCAM-1-mRNA in endothelial cells by means of quantitative RT-PCR which has become a valuable technique for detection and quantification of mRNA levels, especially for products of immunological interest [45] . The number of VCAM-1 transcripts increased from 4.3p3.1 to 41.0p11.2 copies per cell after stimulation with AGE-BSA. Preincubation of endothelial cells with 0.5 mM α-lipoic acid 6 h before AGE-BSA treatment decreased the mRNA level to 9.5p4.7 (P 0.0001) copies per cell. Thus, the inhibitory effect of α-lipoic acid could also be demonstrated at the level of transcription.
The last part of the study concerned the functional impact of the above findings on monocyte adhesion to endothelium in vitro. Increased binding of monocytes in vitro is found in leucocytes isolated from patients with Type 1 and Type 2 diabetes and has been associated with the degree of hyperlipidaemia and hyperglycaemia ( [46, 47] ; T. Kunt, T. Forst, B. Fru$ h, O. Harzer, A. Pfu$ etzner, M. Engelbach, H. Lo$ big and J. Beyer, unpublished work). Furthermore, the effect of AGEs on the endothelial adhesion of monocytes or monocyte-derived cell lines has also been demonstrated [6] . In our study the percentage of bound monocytes increased from 11.2p1.4 % in control cultures to 22.5p2.9 % in cultures stimulated with AGE-BSA. We were able to show that α-lipoic acid not only decreased the transcription and expression of VCAM-1 but also attenuated the adhesion of monocytes to 18.3p1.9 % (0.5 mM α-lipoic acid) and 13.8p1.8 % (5 mM α-lipoic acid).
The naturally occurring α-lipoic acid is used in the therapy of diabetic polyneuropathy [19] . Dietary supplied α-lipoic acid is readily absorbed and has been proven to be relatively free of side effects [15] . It has been introduced into polyneuropathy treatment because of its ability to reduce hyperglycaemia-induced neurological failure via improvement of ATP production and energy supply [48] . Nevertheless, neuronal dysfunction in diabetes is also supposed to be mediated by endothelial dysfunction of nutritional capillaries of the nerve fibres [16] . As mentioned already, α-lipoic acid has been demonstrated to be a potent radical scavenger (coenzyme of the pyruvate and α-ketoglutarate dehydrogenase complex) and may therefore contribute to the restoration of oxygen free-radical-related cellular disorders such as endothelial dysfunction due to expression of proteins that are mediated by NF-κB activation, e.g. endothelin-1 or tissue factor [13] .
Although these data cannot be extrapolated to in vivo human pathology, our findings have characterized the inhibitory effect of α-lipoic acid transcription on expression of VCAM-1 and on AGE-mediated monocyte adhesion in vitro. Further studies are necessary in order to validate this finding in vivo and the potential role of α-lipoic acid in the treatment of diabetes-associated macrovascular disease.
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